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Abstract Coincident profiling observations fromDoppler lidars and radars are used to estimate the turbulence
energy dissipation rate (ε) using three different data sources: (i) Doppler radar velocity (DRV), (ii) Doppler lidar
velocity (DLV), and (iii) Doppler radar spectrum width (DRW) measurements. The agreement between the derived
ε estimates is examined at the cloud base height of stratiform warm clouds. Collocated ε estimates based on
power spectra analysis of DRV and DLV measurements show good agreement (correlation coefficient of 0.86 and
0.78 for both cases analyzed here) during both drizzling and nondrizzling conditions. This suggests that unified
(below and above cloud base) time-height estimates of ε in cloud-topped boundary layer conditions can be
produced. This also suggests that eddy dissipation rate can be estimated throughout the cloud layer without the
constraint that clouds need to be nonprecipitating. Eddy dissipation rate estimates based on DRWmeasurements
compare well with the estimates based on Doppler velocity but their performance deteriorates as precipitation
size particles are introduced in the radar volume and broaden the DRW values. Based on this finding, a
methodology to estimate the Doppler spectra broadening due to the spread of the drop size distribution is
presented. The uncertainties in ε introduced by signal-to-noise conditions, the estimation of the horizontal wind,
the selection of the averaging time window, and the presence of precipitation are discussed in detail.

1. Introduction

Turbulence is one of the most important physical processes in the atmospheric boundary layer. Eddies with
scales comparable to the boundary layer depth are responsible for the vertical transport of water vapor,
momentum, mass, enthalpy, and pollutants, affecting the boundary layer evolution and cloud formation.
[e.g., East and Marshall, 1954; Jonas, 1996; Xue et al., 2008; Wang and Grabowski, 2009; Albrecht et al., 2016].
In cloudy boundary layers, turbulence plays a major role in clouds’ lifecycle by strongly influencing their for-
mation, maintenance, and dissipation stages [e.g., Nicholls and Turton, 1986; Bretherton et al., 2004]. Turbulent
motions drive entrainment and mixing in clouds as well as influence cloud microphysics and precipitation
formation [Pruppacher and Klett, 1978; Shaw et al., 1998; Lehmann et al., 2009; Bodenschatz et al., 2010; Lu
et al., 2013; Albrecht et al., 2016]. An improved understanding of in-cloud turbulence can lead not only to a
better understanding of cloud lifecycle and cloud microphysical processes but also to an improved represen-
tation of clouds in numerical weather prediction and global climate models [Boutle and Abel, 2012].

Turbulent eddy dissipation rate (ε in m2 s�3) represents the rate at which energy cascades from large to small
eddies within the inertial subrange. This energy is eventually converted to thermal internal energy in the
viscous subrange [Kolmogorov, 1941]. An estimation of ε is of importance in the modeling community since
it is involved in the parameterization of eddies’ average size (or the mixing length), which is needed to solve
the nonlinearity of the turbulence equations [e.g., Kolmogorov, 1941; Stull, 1988]. Estimations of ε are also a
key factor in describing cloud lifecycle since varying levels of enhanced turbulence regions can intensify
the collision kernel for cloud droplets [e.g., Khain et al., 2015]. Measurements of eddy dissipation rate in clear
and cloudy regions of the boundary layer have been conducted for decades. Early measurements of ε were
based on in situ techniques [Kaimal et al., 1976; Lemone and Pennell, 1980; Nicholls, 1989]. In the last several
years, active remote sensing techniques based on profiling Doppler radars and lidars have been developed
[Bryant and Browning, 1975; Kollias and Albrecht, 2000; Kollias et al., 2001; Shupe et al., 2012; O’Connor et al.,
2010; Röhner and Träumner, 2013; Fang et al., 2014]. In particular, profiling cloud radars [Kollias et al., 2007]
have sufficient sensitivity to detect boundary layer clouds and the high temporal and spatial resolutions
needed to resolve all-important vertical motions within clouds. Similarly, Doppler lidars have sufficient
sensitivity to detect aerosol particles and comparably high resolution to measure the vertical motion in the
entire boundary layer below the cloud base or in clear-sky conditions [Lamer and Kollias, 2015].

BORQUE ET AL. RADAR AND LIDAR TURBULENCE ESTIMATION 5972

PUBLICATIONS
Journal of Geophysical Research: Atmospheres

RESEARCH ARTICLE
10.1002/2015JD024543

Key Points:
• Cloud radar Doppler velocities can be
used to estimate turbulence even
when precipitation is present

• A unified turbulence field can be
estimated from below cloud base up
to boundary layer cloud tops

• Turbulent and microphysical
decomposition of the observed
Doppler spectrum width is
demonstrated

Correspondence to:
P. Borque,
paloma.borque@mail.mcgill.ca

Citation:
Borque, P., E. Luke, and P. Kollias (2016),
On the unified estimation of turbulence
eddy dissipation rate using Doppler
cloud radars and lidars, J. Geophys. Res.
Atmos., 120, 5972–5989, doi:10.1002/
2015JD024543.

Received 20 NOV 2015
Accepted 8 MAY 2016
Accepted article online 12 MAY 2016
Published online 30 MAY 2016

©2016. American Geophysical Union.
All Rights Reserved.

BNL-112561-2016-JA

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2015JD024543
http://dx.doi.org/10.1002/2015JD024543
mailto:paloma.borque@mail.mcgill.ca


Previous studies have demonstrated the potential of the aforementioned active remote sensing retrieval
techniques and evaluated their accuracy using independent measurements [e.g., Shupe et al., 2012;
O’Connor et al., 2010]. Here two different retrieval techniques are applied to boundary layer cloud cases.
One is based on the frequency analysis of time series as applied to two independent data sets: Doppler radar
and Doppler lidar velocity measurements (DRV and DLV, respectively). The second is based on the analysis of
the Doppler radar spectrum width measurements (DRW) [Doviak and Zrnić, 1993]. All eddy dissipation rate
estimates are compared at cloud base. The opportunity for such a comparison stems from the availability
of several ground-based sites with collocated Doppler cloud radar and Doppler lidar observations. This can
lead to ε estimates in both clear and cloudy parts of the boundary layer. However, careful comparison of
different eddy dissipation rates in the overlap areas (where more than one estimate is available) is required
before unified (above and below cloud base) estimates can be provided. The collocation of ε estimates pro-
vides the opportunity to evaluate several factors that could affect their accuracy (e.g., presence of precipita-
tion size particles in the radar sampling volume). Observations used in this work correspond to data collected
at the Atmospheric Radiation Measurement (ARM) Mobile Facility deployed in Cape Cod and at the ARM
Southern Great Plains site during precipitating and nonprecipitating cloud conditions at both locations.
The most important outcome of this comparison is the analysis of the eddy dissipation rate retrievals in both
drizzling and nondrizzling regions. This is very important since it suggests that eddy dissipation rate can be
estimated throughout the cloud layer regardless of the size of the hydrometeors present in the radar volume.
This allows for the routine retrieval of the ε profile in stratiform clouds without the constraint that clouds need to
be nonprecipitating. Furthermore, the analysis of cloud-topped boundary layers in marine and continental envir-
onments presents the opportunity to analyze the structure, height, and time variability of turbulence in these
very distinct regimes. In addition to eddy dissipation rate retrievals, a radar Doppler spectrumdecomposition into
its dynamical andmicrophysical broadening terms is shown. This can lead to improvedmicrophysical retrievals of
hydrometeor particle size distributions. Finally, this study offers a comprehensive analysis of the possible factors
that can introduce biases and uncertainties into eddy dissipation rate estimates.

2. Eddy Dissipation Rate Retrieval Techniques

Traditionally, measurements of εwere obtained from turbulence sensors mounted on fixed towers or carried
on tethered balloons [Kaimal et al., 1976; Caughey et al., 1979; Zhou et al., 1985; Zhu et al., 2001] and from air-
craft equipped with different gust-wind-probes systems [Nicholls, 1978; Lemone and Pennell, 1980; Brost et al.,
1982; Nucciarone and Young, 1991]. Remote sensing observations have also been used in the past to gener-
ate eddy dissipation rate estimates. Several methods have been proposed for cloudy conditions involving
ground radar observations. The most common techniques are based on times series of vertical velocities
[e.g., Bryant and Browning, 1975; Kollias and Albrecht, 2000; Kollias et al., 2007; Shupe et al., 2012; Fang et al.,
2014]. Similarly, below cloud base or in clear-sky conditions, Doppler lidar observations can be used to gen-
erate turbulence estimates ([e.g., O’Connor et al., 2010; Röhner and Träumner, 2013; Tonttila et al., 2015]—a
review of turbulence measurements using ground-based lidars can be found in Sathe and Mann [2013]). In
particular for cloud and weather radars, measurements of spectrum width can also be used to derive ε,
although more restrictive conditions apply to this methodology [e.g., Doviak and Zrnić, 1993; Chapman
and Browning, 2001; Melnikov and Doviak, 2009; Fang et al., 2014]. A quick review of these remote sensing
techniques follows.

2.1. Vertical Velocity Time Series Technique

In the case of homogeneous and isotropic turbulence, the statistical representation of the turbulent energy
spectrum S(k) (in m3 s�2) within the inertial subrange is given by

S kð Þ ¼ αε2=3k�5=3 (1)

where α is the Kolmogorov constant (~0.55) and k is the wave number, which can be related to a length scale
(L) by k=2π/L, and to frequency (f) by k= f/Vh under the assumption of a linear wind field, where Vh is the
horizontal wind speed (Figure 1). It follows from equation (1) that

εDV ¼ 2π
Vh

2
3α

∫
f high

f low S fð Þdf
� �

f�2=3
low � f�2=3

high

� ��3=2
(2)
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where fhigh and flow are the limiting frequencies of the inertial subrange. Therefore, fitting this region of the
observed spectra to the k�5/3 power law yields the εDV (Figure 1). This estimation of ε heavily relies on the
accurate determination of the frequency range of the inertial subrange and the correctness of the k�5/3

power law fit. Figure 2 shows an example power spectrum generated from profiling Doppler radar and lidar
data at cloud base. Here the inertial subrange is defined by the following three simple steps. First, we com-
pute the slope of the least squares fit for 33 different frequency intervals (Figure 2). Second, all the frequency
intervals where the slope of this best linear fit is within 20% of that of the inertial subrange (�5/3 ± 1/3) are
classified as having “good fits.” Third, εDV is defined as the mean of all estimates computed for the frequency
intervals with good fit according to equation (2). The region of uncertainty of this methodology is defined as
the mean ±1 standard deviation of all the estimates with good fit. Note that εDV bears almost no difference
from the median of estimates with good fit or with the estimate computed from the least squares fit with the
slope closest to �5/3. The uncertainties in the Doppler velocity (DV) technique follow.

2.2. Uncertainties in the Doppler Velocity Technique

The factors that contribute to uncertainty in the estimation of the eddy dissipation rate from the power spectrum
of the mean Doppler velocity time series are discussed here. First, we address the methodology used in the selec-
tion of the frequency interval over which the power law fitting is performed. If a fixed frequency interval is chosen,
it is possible that the inertial range is not correctly selected and the slope criterion is then not satisfied. The search
over a wide range of frequencies proposed here yields better results and minimizes the cloud regions where no
retrievals are performed. Another measure of the uncertainty is provided by the standard deviation of the eddy
dissipation rate estimates from the frequency intervals where the power law fit satisfies the criterion for fitting.

Another source of uncertainty arises from how accurately the horizontal wind magnitude can be determined.
As can be seen from equation (2), εDV is inversely proportional to the horizontal wind speed. If a small bias

(ΔVh) is introduced, then the relative bias in the ε estimate ε1=εo

� �
is given by

ε1
εo

¼ Vh

Vh þ DVh
(3)

Figure 1. Schematic of turbulence kinetic energy spectrum as a function of frequency. The black dotted lines denote the
different regions. The lower and higher frequencies in the spectra are given by the sample size and the time resolution of
the instrument (red dotted lines). The red dashed lines represent the highest and lowest frequency with Δt the instrument
time resolution and N the sample size. For a sampled time of approximately 25min (NKAZR: 400 and Nlidar: 1220) the lowest
frequency f low ¼ Fs

2 ¼ 1
2Δt

� �
that can be sampled is ~6.76 × 10�4 s�1 and the highest frequency f high ¼ Fs

N ¼ 1
N:Δt

� �
for the

KAZR is 0.135 s�1 and given the higher temporal resolution of the Doppler lidar this limit is further extended to ~0.41 s�1.
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where εo and Vh are the true eddy dissipation rate and horizontal wind speed. The dependency of the ε1=εo on
ΔVh as a function of the horizontal wind magnitude is shown in Figure 3. The relative bias is smaller for larger
horizontal wind speeds and increases considerably for small horizontal wind speeds (Figure 3).

2.3. Doppler Spectrum Width Technique

Estimates of the eddy dissipation rate can be derived from Doppler radar spectrum width measurements.
Doppler spectrum width is a measurement of the spread of the radar return signal over the range of radial
velocities within the radar sampling volume. Broadening of the spectrum (σ) can occur due to the spread
of the hydrometeors’ terminal velocity (σd), radial (vertical), and transverse (horizontal) wind shear within
the scattering volume (σs), cross (horizontal) wind within the scattering volume (σm), air turbulence (σt),
antenna rotation (σα), and oscillation and/or wobbling of hydrometers (σo) [Doviak and Zrnić, 1993],

σ2 ¼ σ2d þ σ2s þ σ2m þ σ2t þ σ2α þ σ2o (4)

Note that in the case of a vertically pointing cloud radar, the main contributions to σ2 are reduced to the
spread of drop size distribution, wind shear, cross wind, and turbulence resulting in

σ2 ¼ σ2d þ σ2s þ σ2m þ σ2t (5)

Figure 2. Doppler velocity power spectrum generated for 20min from data on 15 November 2012 at the PVC site around
15:00 UTC for the vertically pointing cloud radar (red) and the Doppler lidar (black). The black thin lines in the top right
corner of the figure represent the different frequency intervals used to retrieve independent eddy dissipation rates, and the
grey shaded area in the bottom right corner represents the 20% (slope threshold) departure from the�5/3 slope fit allowed
to retrieved ε (solid black line) for the largest frequency interval.

Figure 3. Eddy dissipation rate dependence on horizontal wind speed. Different curves represent the different variations in
the horizontal wind speed shown in the upper right plot.
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A large spread of hydrometeor sizes leads to a spread in the vertical velocities observed in the radar volume
resulting in an increase of the observed spectrum width. In a rain event this contribution is estimated to be
around 1m s�1 [Lhermitte, 1963]. However, in the presence of cloud droplets alone, σd is said to be small and
therefore neglected when compared to the influence of the other terms [Kollias et al., 2001]. This latter
assumption is further analyzed in the next section.

The contribution due to shear of the Doppler velocity in the radar domain (both horizontal and vertical) also
causes an increase in the observed spectrum width that can be expressed as [e.g., Doviak and Zrnić, 1993]

σ2s ¼ σ2sx þ σ2sy þ σ2sz (6)

where

σsx ¼ σsy ¼ Kxzσx (7)

σsz ¼ Kzσz (8)

where Kx and Kz are the wind shear in the directions perpendicular and parallel to the radar beam respectively
and z is the height from the radar

σx ¼ θ1
4

ffiffiffiffiffiffiffi
ln2

p (9)

and

σz ¼ 0:35cτ
2

(10)

where θ1 is the one-way beam width between half-power points, c is the speed of light, and τ is the radar
pulse width. For a vertically pointing radar, Kz is estimated by the differences between radial velocities at
adjacent heights, and under the assumption of linearity in the horizontal wind field (Vh), Kx is estimated as

Kx ¼ dVd

dx
¼ 1

Vh

dVd

dt
(11)

where Vd is the Doppler velocity.

Finally, the contribution due to horizontal wind within the radar volume can be expressed as

σm ¼ Vhσx (12)

If the broadening due to spread of hydrometeor fall velocities can be neglected (section 2.2), it is possible to
estimate the turbulence contribution (σt) to the observed spectrum width (σ) from equation (5) once the
shear (σs) and horizontal wind (σm) contributions are removed. Then the turbulent eddy dissipation rate
(εDRW) can be estimated from σt as [e.g., Labitt, 1981; Gossard and Strauch, 1983; Doviak and Zrnić, 1993]

ϵDRW≈
0:72 σth i3
zσxa3=2

(13)

for a range resolution smaller than the beam width (σz≪ σx) and

ϵDRW≈
σth i3

σz 1:35að Þ3=2
11
15

þ 4
15

z2
σ2x
σ2z

� ��3=2

(14)

for a beam width smaller than the range resolution (σx< σz), where σt denotes the time average of the
turbulence contribution following Fang et al. [2014].

Here the uncertainty of this technique is given by the range of possible εDRW values that can be estimated
when considering the bias introduced by signal-to-noise ratio in spectrum width. Details of this dependency
and additional sources of uncertainties in the DRW technique follows.

2.4. Uncertainties in The Doppler Radar Spectrum Width Technique

A key input to estimating eddy dissipation rate following the DRW technique is the spectral broadening term
due to turbulence (σt). The estimation of σt requires (i) measurement of the total Doppler radar spectrum
width based on the discrete Fourier transform (DFT) estimator and (ii) a decision to account for or neglect
each of the other factors that can contribute to the observed Doppler spectrum width. The uncertainty
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introduced in these steps is examined using synthetic Doppler spectra from theMcGill Radar Doppler Spectra
Simulator [Kollias et al., 2005, 2014].

First, the uncertainty and bias introduced by the DFT estimator in low signal-to-noise ratio (SNR) conditions
are investigated. One thousand simulations for every set of Doppler spectrum width and SNR values were
used. Simulations indicate that at low SNR conditions there is an underestimation of the width of the spec-
trum [Doviak and Zrnić, 1993, Kollias et al., 2007] (Figure 4). For narrow spectra (spectrum width smaller than
0.2m s�1) the effect of low SNR is not as important as for a distribution with wider spectra and it is most
important when the spectra have a considerable width, e.g., σ ≥ 0.5m s�1 (Figure 4). Thus, SNR is an important
factor to take into account when analyzing spectrum width measurements for eddy dissipation rate retrie-
vals. Radar returns from drizzle-free conditions inherently have low SNR. Similarly, wide radar Doppler spectra
at low SNR conditions are not frequently encountered in profiling cloud radars due to their narrow antenna
beam width, short pulse length, and integration.

Next, the assumption that the contribution of a cloud particle size distribution via the σd term is negligible is
evaluated [Kollias et al., 2001]. The relative importance of the σd term from both cloud and drizzle particle size
distributions is evaluated for a wide range of turbulence intensity conditions expressed in terms of eddy dis-
sipation rate. Here a simplified version of equation (4) is used, with the variance of spectrum width only
depending on turbulence and drop size distribution, i.e, σ2 ¼ σ2t þ σ2d . The influence of σ2d is then analyzed

with the ratio σ2d=σ
2 where values close to one (zero) indicate that the spread of the hydrometeors’ size

(turbulence) dominates, and a value of 0.5 shows that both terms contribute equally to the variance of the
spectrum width. This ratio is analyzed for a case dominated by cloud droplets and for a drizzle case indepen-
dently. The shape of the cloud and drizzle particle size distributions is assumed to be lognormal [Miles et al.,
2000] with the parameters shown in Table 1. For reflectivity values below �35dBZ σ2d is always smaller than σ2t
even for a very weakly turbulent environment with ε=10�6m2 s�3 (Figure 5a). This ratio is always smaller than
0.2 for all values of ε equal to or larger than 5×10�4m2 s�3 (σt≥ 0.25ms�1) showing that for these values of tur-
bulence the spread of the drop size distribution accounts only for less than 20% (which represents 28% error in ε)
of the total, thus leading to a turbulence dominated spectrumwidth (Figure 5a). For a less turbulent environment

Figure 4. The estimated spectrum width values after 1000 simulations as a function of signal-to-noise ratio for four input
spectrumwidth values (a) 0.02m s�1, (b) 0.2m s�1, (c) 0.5m s�1, and (d) 1.0m s�1. The velocity resolution of the simulated
spectra is 0.0308m s�1. The black solid line represents themean spectrumwidth over 1000 realizations, the black solid thin
line the initial spectrum width, and the grey dotted line ±1 standard deviation around the mean value.
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(e.g., ε ≤ 1×10�4m2 s�3� σt≥ 0.15ms�1) the same percentage can be reached for reflectivity values lower than
�20dBZ. This shows that the previous assumption that the contribution of the spread of the hydrometeor size

does not play a major role in the width of
the spectrum is correct. Thus, the spectral
broadening due to cloud-only droplets
can be neglected. As expected, this is
not the case for drizzle particle size distri-
butions. For example, in an environment
with low to medium levels of turbulence
(ε ≥ 1×10�4m2 s�3) the spread of the
drop size distribution is the dominant fac-
tor regardless of reflectivity, whereas it
was shown that it has a minor effect in a
cloud-only scenario (Figure 5).

Finally, the influence of the wind shear
term in the determination of the
observed radar Doppler spectrum is
evaluated. The contribution of wind
shear to spectrum width can be divided
into its two components (vertical and
horizontal, σ2sz and σ2sx ) and analyzed
according to their contributions sepa-
rately. The σ2sz is mainly a function of
the variation of Doppler velocity with
height (equation (8)), whereas σ2sx is a
function of the variation of Doppler
velocity in time, the horizontal wind,
and the height of the radar sampling
volume (equations (7) and (11)). Here
similarly as for the drop size distribution
term, equation (4) is simplified so that
only the turbulence and wind shear
terms affect the variance of spectrum
width (i.e., σ2 ¼ σ2t þ σ2sz or σ2 ¼ σ2t
þσ2sx depending on which component

is under analysis), and the ratio σ2t =σ
2

is used to analyze its relative impor-
tance. In a low turbulence regime
(ε< 1× 10�5m2 s�3 ; σt< 0.07m s�1),
vertical shear of Doppler velocity plays
amajor role in the spectrumwidth espe-
cially for strong shear values (Figure 6).
However, in an environment with a
medium to high turbulence
(ε ≥ 1× 10�4m2 s�3), the contribution
of vertical shear to spectrum width

Table 1. Parameters for the Lognormal Distribution

Cloud Drops Drizzle Drops

N (m�3) 1 × 109 1 × 106

σx 20 10
r0 (μm) Varying from 8 to 60 every 1 Varying from 40 to 500 every 10
σt (m s�1) Varying from 0.05 to 0.6 ever 0.02 Varying from 0.05 to 2 every 0.05

Figure 5. The ratio of the velocity variance due to the drop size distribu-
tion to the total simulated spectrum variance σ2d=σ

2 ¼ σ2d= σ2d þ σ2t
� �� �

as
a function of reflectivity values for (a) a population of cloud droplets
represented by lognormal distribution with N = 109m�3, r0 ranging from
8 to 60μm (every 2 μm) and σx = 0.2, and for (b) a drizzle population with
N = 106m�3, r0 ranging from 40 to 500 μm (every 10 μm) and σx = 0.1.
The contribution of turbulence (σt) ranges from 0.05m s�1 to 0.6m s�1

every 0.02m s�1 for the cloud scenario and from 0.05m s�1 to 2m s�1

every 0.05m s�1 for drizzle. The darker colors represent a less turbulent
environment. Additional contours of
ε = 1 × 10�6m2 s�3� σt = 0.7m s�1,
ε = 5 × 10�4m2 s�3� σt = 0.25m s�1,
ε = 1 × 10�4m2 s�3� σt = 0.15m s�1, and
ε = 1 × 10�2m2 s�3� σt = 0.0032m s�1 are also shown.
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decreases quite considerably until it becomes negligible (Figure 6). This conclusion can also be reached when
considering the drop size distribution term instead of turbulence, with the vertical shear component
becoming negligible in cases with significant values of σd (e.g., drizzle events).

The contribution of the horizontal shear is more challenging to analyze since more parameters affect its
magnitude. For an environment with medium to high levels of turbulence (ε> 1× 10�4m2 s�3) there is little
to no contribution from the horizontal shear regardless of the height of the retrieval or the crosswind
affecting the system (Figures 7 and 8). Similarly, the horizontal shear term does not tend to play an important
role in the width of the spectrumwhen relatively high crosswinds (Vh> 2m s�1) are present (Figures 7 and 8).
The height dependency of the contribution from the horizontal shear influences the width of the spectrum.
For low-level clouds, in an environment with very low turbulence (e.g., ε ≤ 1×10�6m2 s�3) and weak crosswinds

(Vh≤ 0.5ms�1) σ2s can play a major role in the spectrum width for extreme changes in the Doppler velocity with
time (Figure 7a). On the other hand, for high-level retrievals the horizontal shear contribution can be as important
as σt for medium levels of turbulence (ε=1×10�4m2 s�3) and it becomes the dominant factor affecting the
width of the spectrum for small values of turbulence (Figure 8a).

Therefore, it is important to consider the influence of the wind shear on the spectrumwidth for environments
with medium to low turbulence and low crosswinds. Under these conditions it can be the dominant factor
impacting the width of the spectrum especially when the Doppler velocity is highly changing in time
and/or height.

3. Eddy Dissipation Rate Comparison Between Doppler Lidar and Cloud
Radar Retrievals

The observations analyzed here were collected at two U.S. Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) program Climate Research Facility (ACRF) sites [Mather and Voyles, 2013].
The analysis focuses on two periods with low-level stratiform clouds with and without drizzle for which obser-
vations from a profiling cloud radar, a Doppler lidar, and a ceilometer are available. Coincident observations
of Doppler radar and lidar enable the estimation of the eddy dissipation rate using all techniques near the
cloud base.

3.1. Cape Cod Maritime Stratiform Cloud

The first case analyzed was observed during the ARM Mobile Facility 2012 deployment in Cape Cod,
Massachusetts for a 12month period as part of the Two Column Aerosol Project (TCAP, campaign.arm.
gov/tcap/). The instrumentation at the site included a 95 GHz W-band ARM Cloud Radar (WACR), a

Figure 6. Influence of the vertical variation of Doppler velocity within three range gates of the radar in the shear contribu-
tion to total simulated spectrum width for different turbulence scenarios (lines). The influence of the shear term is quan-
tified as the fraction of the turbulence contribution to the variance of the total spectrum width σ2t =σ

2 ¼ σ2t = σ2s þ σ2t
� �� �

.
Values close to zero (one) represent a major contribution from shear (turbulence) to the total spectrum width. Shear is
computed for the KAZR range resolution (~30m). The normalized histogram of observed vertical shear of Doppler velocity
for the two cases analyzed is also displayed.
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Doppler lidar, and a laser ceilometer. The main technical characteristics of the WACR are shown in Table 2.
The horizontal wind used for the estimation of the eddy dissipation rates at this site is from interpolated
soundings available every 6 h. The selected case was observed on 15 November 2012. A thin cloud layer
is present at the beginning of the day with high cloud base (1 km) (Figures 9a and 9b). Throughout the

Figure 7. Influence of the temporal variation of Doppler velocity within two consecutive scans in the shear contribution to
total simulated spectrum width for a low (ε: 10�6m2 s�3—solid line), medium (ε: 10�4m2 s�3—dashed line), and high
turbulent scenario (ε: 10�2m2 s�3—dotted line) for low (a), medium (b), and high (c) horizontal wind conditions. The
influence of the shear term is quantified as the fraction of the contribution of turbulence to the variance of the total
spectrumwidth σ2t =σ

2
� �

. Estimations are made at a height of 500m. Tendencies are computed for the KAZR time resolution
(~3.7 s). The normalized histogram of observed Doppler velocity tendency for the two cases analyzed is also displayed.

Figure 8. Idem Figure 7 for retrieval height of 1500m.
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day the cloud layer deepens with a lowering cloud base (to around 600m), while the cloud top remains at a
constant height throughout the day (~1.3 km). Despite the mismatch in sampling volumes, the mean
Doppler velocity time series from the cloud radar and Doppler lidar at the cloud base correlate very well,
r2 = 0.88, at the beginning of the period (before 10:00 UTC) (Figure 9c). After 12:00 UTC columns with high

Figure 9. Time-height plot of (a) WACR’s reflectivity (a) and of the (b) Doppler velocity from the Doppler lidar and the
Doppler radar below and above the cloud base height respectively. Cloud base as detected by the ceilometer is also
shown in each panel (black line). (c) Time series of smoothed Doppler velocity from the WACR (black) and the Doppler lidar
(red) observed at cloud base. All measurements are for the PVC site on 15 November 2012. Note that positive values
represent downward Doppler velocities.

Table 2. Technical Specifications of the W-band ARM Cloud Radar on Cape CodeMassachusetts and of the Ka-band ARM
Zenith Radar Located at the SGP Site

Radar Properties

Name W-Band ARM Cloud Radar (WACR) Ka-Band ARM Zenith Radar (KAZR)

Location Cape Code, Massachusetts (PVC) Lamont, Oklahoma (SGP)
Nyquist velocity (m s�1) 7.89 5.96
Range resolution (m) 42.86 30
Time resolution (s) 2.14 3.69
PW (ns) 300 300
Frequency (GHz) 95.04 34.83
Wavelength (mm) 3.15 8.61
Antenna Diameter (m) 1.22 3.05
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values of reflectivity (~�10 dBZ) associated with higher downward Doppler velocities (positive values) are
observed by the WACR (Figures 9a and 9b). At this point the correlation between the vertical velocities
observed by the WACR and the Doppler lidar at cloud base height is reduced, r2 = 0.78, and a noticeable
offset of 0.5 to 0.75m s�1 is observed (Figure 9c). As expected, the sedimentation velocity of the larger
particles dominates the WACR Doppler velocity since the radar backscatter energy is proportional to the
sixth moment of the particle diameter. On the other hand, the Doppler lidar is practically unaffected by
the larger drizzle particles since its backscatter is proportional to the second moment of the particle
diameter [Luke et al., 2010].

3.2. TCAP Results

The temporal evolutions of eddy dissipation rate computed following the methodologies based on Doppler
velocity (εDV) and on Doppler radar spectrumwidth (εDRW) are shown in Figure 10a. These retrievals were esti-
mated over a 20min sampling window (for the WACR’s temporal resolution of 2.14 s, this implied a 560-point
window, and 985-point window for the Doppler lidar with its 1.22 s time resolution) just above the cloud base
(for WACR observations—εDRV and εDRW) and just below the cloud base (for lidar observations—εDLV). The
ranges of uncertainty for the different techniques are defined following the definitions presented in
section 2.1.

During most of the period analyzed, εDV estimated at cloud base has very good agreement for both WACR
and Doppler lidar measurements (Figure 10a). The retrieved εDV from these two independent sources not
only falls within their region of uncertainty but also has a very similar temporal variability throughout the
entire period of analysis (Figure 10a). The correlation coefficient between the mean εDV estimated from both
sensors for this case is 0.86. This indicates that it is possible to determine the eddy dissipation rate from radar
Doppler velocities even at times when large particles are present in the radar volume.

Figure 10. (a) Time series of eddy dissipation rate retrieved from the DRV (purple), the DLV (blue), and the DRW (green)
techniques and (b) contributions of wind magnitude (blue), shear contribution (green), turbulence (yellow), and drop
size distribution (purple) to spectrum width (black). All measurements and estimates are for the PVC case on 15 November
2012 at cloud based.
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Assuming that turbulence is the only factor that contributes to the observed width of the radar Doppler spec-
trum, turbulent eddy dissipation rates can also be estimated from spectrum width values (εDRW) based on the
methodology presented in section 2.2. These estimates present a reasonably good agreement with those
derived using the methodology based on Doppler velocity time series when no precipitating particles are
present below the cloud base (i.e., before 08:00 UTC) (Figures 9a and 10a). After 08:00 UTC, εDRW estimates
are higher than εDV, implying that our initial assumption (i.e., turbulence is the only factor that contributes
to the observed Doppler spectrumwidth) is not valid at this time. Consistent with an absence of precipitating
particles, the WACR reflectivity at cloud base is low at the beginning of the period (�40 to�35 dBZ) and gra-
dually increases reaching values slightly above �5 dBZ after 12:00 UTC (Figure 9a). This is indicative of the
presence of drizzle drops near the cloud base and shows the clear influence of the drop size distribution term
(σd) in εDRW and how neglecting this term in equation (5) leads to an overestimation of turbulence eddy dis-
sipation rates once larger particles are detected in the radar sampling volume. The radar Doppler spectrum
width has a more complicated temporal evolution that in general does not correlate well with the WACR
reflectivity (figure not shown). This is to be expected since at this radar reflectivity range both microphysics
and dynamics contribute to the observed Doppler spectrum width values.

An indication of the spread in the retrieved εDV value is shown in Figure 10. When the retrieved eddy dissipa-
tion rate corresponds to the fit with the logarithmic slope closest to �5/3, the median εDV at cloud base for
the entire 24 h period of this case is 5.87 × 10�5m2 s�3. However, when εDV is estimated using the fit with the
steepest (more gentle) slope, this leads to a 24 h median of 3.94 × 10�5m2 s�3 (8.42 × 10�5m2 s�3). This
difference is not constant throughout the period analyzed but it clearly shows how sensitive this retrieval
technique is to the selection of the frequency interval and that an incorrectly chosen inertial subrange can
lead to large discrepancies in the retrieved eddy dissipation rate (Figure 11b).

As an example of the uncertainty introduced by the horizontal wind a bias of 1m s�1 was introduced in the
calculations. This lead to a 24 hmedian εDV of 5.01 × 10�5m2 s�3, whereas a bias of�1m s�1 in the horizontal
wind lead to a 24 h median of 6.97 × 10�5m2 s�3. This bias was selected as it represents an extreme error that
can occur for the horizontal wind. However, a larger modification in the horizontal wind (~2m s�1) introduces
an uncertainty in the ε estimate comparable to that introduced by the selection of the frequency interval.

Figure 11. (a) Time-height unified eddy dissipation rate and (b) drop size distribution contribution to spectrum width—σd
at the PVC site on 15November 2012. Cloud base as detected by the ceilometer is also shown in each panel (black line). Note
that positive values represent downward Doppler velocities. (c) Vertical profile of half an hour average of eddy dissipation
rate before precipitation is present below cloud base around 07:00 UTC (warm colors) and afterward, around 19:00 UTC
(cold colors). The star denotes the half an hour mean of the height of the cloud base for both periods. Light (dark) colors
correspond to Doppler Lidar (radar) retrievals.
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In the absence of any other information, the decomposition of the microphysical and dynamical contribu-
tions to the observed radar Doppler spectrum width is challenging [Kollias et al., 2011]. In this case, however,
εDRV provides the additional source of information necessary to estimate σd. Considering εDRV as a best esti-
mate of the eddy dissipation rate, then the turbulence term (σt) can be estimated from equation (14) and the
wind shear (σs) and the cross wind (σm) terms can be estimated from equations (6) and (12), respectively.
Once all the different terms affecting the width of the spectrum are computed, the impact of the spread in
hydrometeor terminal velocities (σd) can be estimated as a residual from equation (5). The contribution of
each factor to the observed radar Doppler spectrum width at cloud base is shown in Figure 10b.
Turbulence is likely to play a major role at the beginning of the period, when the cloud is likely to be in its
development stage and σt is the most important term affecting the width of the spectrum (Figures 9a and
10). As the cloud evolves and larger values of reflectivity are detected (from 06:00 to 10:00 UTC), both σt
and σd have similar impacts on spectrum width. Once precipitating particles are detected below cloud base,
σd becomes the most influential factor in determining the width of the spectrum (Figures 9a and 10). Shear of
the Doppler velocity and the magnitude of the horizontal wind have an almost constant influence on
spectrum width, with σs representing a very small portion of it and σm having a minimal impact on the total
spectrum width (Figure 10b).

Expanding the aforementioned methodology in height, a continuous field of eddy dissipation rates can be
generated at observation sites where collocated Doppler lidar and cloud radar are available. Subsequently,
the contribution of the spread in the hydrometeor terminal velocities to spectrum width can also be esti-
mated for a continuous two-dimensional field. The time variability of in-cloud turbulence and the spread
of the drop size distribution are similar throughout the different cloud levels, especially at times of no preci-
pitation (Figures 11 and 12). This shows that turbulence plays an important, and very similar, role throughout
the entire cloud-to-surface system (Figure 11). The cloud top, however, is less turbulent by the end of the per-
iod but it exhibits the same behavior as the base and middle of the cloud (Figure 12). Particularly noteworthy
are the consistency and coherency in height of the turbulence patterns estimated by both instruments with
the results converging at cloud base (Figures 10 and 11). This is further confirmation that the turbulent eddy
dissipation rates estimated by these two independent sensors are likely to be correct.

3.3. Southern Great Plains Continental Stratiform Cloud

The second case analyzed was observed at the ARM Southern Great Plains (SGP) site on 20 November 2011
(Figure 13). The instruments used here include a 35GHz Ka-band ARM zenith radar (KAZR with a time resolu-
tion of 3.69 s), a Doppler lidar (with a temporal resolution of 1.21 s), and a laser ceilometer. The main technical
characteristics of the KAZR are shown in Table 2. The evolution of the cloud field during this day was first
captured by the KAZR as virga, with hydrometeors present below the cloud base but not reaching the surface
(Figure 13a). After 12:00 UTC the cloud reflectivity increased with two main cores (~10 dBZ) covering almost
the entire cloud layer with precipitation reaching the surface at around 15:00 UTC. Afterward, it diminished in
intensity transitioning into a nonprecipitating shallow stratiform cloud with a thickness of ~250m (Figure 13a).

The horizontal wind used for the estimation of eddy dissipation rates in this section is from the ARM the
Merge-Sounding Value-Added Product. This product presents the thermodynamics of the atmosphere at

Figure 12. Time evolution of eddy dissipation rate (εDRV) at the cloud base (blue), middle (purple), and top (black) from the
WACR at the PVC site on 15 November 2012.
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266 height levels and with 1min time resolution. It is derived from a combination of surface weather station,
radiosonde, and microwave radiometer observations merged with model output from the European Centre
for Medium Range Weather Forecasts (further information about this product can be found in Troyan [2012]).

3.4. SGP Results

The SGP case exhibits greater cloud top and base height variability, and in terms of radar moments, reflectivity
values are similar to those observed at TCAP; however, the observed Doppler velocities and spectrum width
values are lower than those at TCAP. The εDRV and εDLV estimates show a good agreement in terms of magnitude
and variability at the cloud base (Figure 14a); however, the correlation between both estimates for this case (0.78)
is smaller than for the TCAP case. When no precipitation size particles are detected below the cloud base by the
radar (after 17:00 UTC) these estimates also agree with the spectrum width estimate (εDRW) as well (Figures 14a).
At the beginning of the period (08:00–17:00 UTC) the radar detects precipitation size particles and the broaden-
ing term of the drop size distribution dominates the width of the spectrum (Figure 14b). Turbulence and shear
contributions play a minimal role at this time but as soon as the cloud weakens (lower reflectivity values) with
no echo present below cloud base (after 17:00 UTC) turbulence increases its importance and at times becomes
the most dominant term in determining the observed spectrum width (around 18:30 UTC). Similar to the TCAP
case, the effect of the crosswind term is at least an order ofmagnitude smaller than the other factors contributing
to the broadening of the spectrum width (Figure 14b).

The two-dimensional dynamical structure of the SGP case is also more complex than the TCAP case (Figure 15).
In-cloud air is much less turbulent (~1×10�7m2 s�3) in this event, whereas the subcloud environment is
significantlymore turbulent (~1×10�3m2 s�3) (Figure 15a). Low-turbulence regions located at cloud base early
in the period, around 10:00 UTC, extend upward and reach cloud top after 16:00 UTC (Figure 15a). Cloud-top
turbulence is maximum at nighttime, around 09:00 UTC (03:00 local time) and then decreases until
17:00 UTC (11:00 local time) (Figures 15a and 16). The maximum cloud top turbulence occurs as expected at
times when net radiative cooling is the strongest and the daytime decrease in turbulence is consistent with
the longwave cooling being partially compensated by radiative shortwave warming. Differently, cloud base

Figure 13. (a) Time-height plot of KAZR’s reflectivity and (b) Doppler velocity from the Doppler lidar and KAZR below and
above the cloud base height, respectively, on 20 November 2011 at the SGP site. Cloud base as detected by the ceilometer
is also shown in each panel (black line). Note that positive values represent downward Doppler velocities.
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turbulence increases after 12:00 UTC and reaches its peak around 19:00 UTC (Figure 16). This increase in
turbulence at time of maximum insolation is in clear agreement with the coupling of cloud base and the
subcloud layer dynamics. It is also interesting to note that high values of turbulence occur when precipitation
is present below cloud base, from 12:00 to 14:00 UTC (Figures 13 and 16). This suggests that evaporation

Figure 15. Idem Figure 11 but for the SGP site on 20 November 2011 and the time average performed for 07:00 UTC and
19:00 UTC.

Figure 14. (a) Time series of eddy dissipation rate retrieved from the DRV (purple), the DLV (blue), and the DRW (green) techni-
ques and (b) contributions of wind magnitude (blue), shear contribution (green), turbulence (yellow), and drop size distribution
(purple) to spectrum width (black). All measurements and estimates are for the SGP case on 20 November 2011 at cloud based.
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cooling could also be playing a major role in the generation of turbulence near cloud base at this time
[e.g., Zhu et al., 2010; Kudo, 2013]. Turbulence at midcloud is likely to be coupled to themost turbulent region
of the cloud as it follows the same behavior as cloud top at nighttime (08:00 to 14:00 UTC) to then be linked to
cloud base dynamics at daytime (from 16:00 UTC onward) (Figure 16).

4. Summary

A comprehensive analysis and comparison of two techniques to estimate turbulent eddy dissipation rates
from profiling millimeter Doppler radars and Doppler lidars near the cloud base of warm stratiform clouds
with and without precipitation were presented. The main objectives of this study are to (i) compare the ε
estimates based on time series of mean Doppler velocity measurements from radars and lidars, (ii) compare
the ε estimates from the time series-based method with the method based on radar Doppler spectrum width
measurements, and (iii) generate a decomposition of the turbulent and microphysical contributions to the
observed Doppler spectrum width.

Estimates of ε can be derived from time series of mean Doppler velocity measurements. This technique is
based on the estimation of the vertical velocity power spectrum and can generate turbulence estimates
below cloud base or in clear-sky conditions (using Doppler lidar observations), and above cloud base
(for cloud radar measurements). This estimation of turbulent eddy dissipation rates heavily depends on
(i) the objective determination of the inertial subrange frequency limits and (ii) a fitting of this region
of the observed spectrum to a �5/3 power law in order to retrieve the ε. In the methodology described
here, ε estimates are computed for all the frequency intervals where the slope of the fit is within 20%
of �5/3. The pool of ε estimates is used to derive the mean and a range of uncertainty. On average, for
the two cases presented here, the uncertainty estimated using this approach is about 30%. Another
source of uncertainty in this methodology arises from the determination of the horizontal wind, which
shows a clear impact in increasing the total uncertainty, especially for low horizontal wind speeds.

Estimates of ε are also derived from the Doppler radar spectrum width measurements. This methodology is
only applicable within the cloud layer, and below it as well where precipitation is present. For profiling cloud
radars, broadening of the Doppler spectrum can occur due to the spread of drop terminal velocities, radial
and transverse wind shear within the scattering volume, cross wind within the scattering volume, and air
turbulence. It is shown that the contribution of the spread of the hydrometeors’ sizes (i.e., fall velocities)
can be neglected in drizzle-free conditions. Under this constraint, ε can be estimated from the observed
Doppler spectrum width once the shear and horizontal wind contributions are removed.

These ε retrievals were applied to two distinct events of low-level shallow stratiform clouds with and without
drizzle collected at the DOE ARM program ACRF sites. The first case was observed on 15 November 2012
during the ARM Mobile Facility deployment in Cape Cod (TCAP), and the second case was observed at the
ARM SGP site on 20 November 2011. Observations at both sites included measurements from a profiling
Doppler radar, a Doppler lidar and a ceilometer.

In both cases, the temporal evolution and magnitude of the retrieved ε estimated using the vertical velocity
measurements from profiling Doppler cloud radar and Doppler lidar at cloud base are in very good
agreement for the entire period analyzed. This demonstrates that it is possible to use Doppler radar velocities

Figure 16. Idem Figure 12 but for the SGP site on 20 November 2011.
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to estimate eddy dissipation rate even when larger particles are present in the radar volume. Thus, a unified
(below and above the cloud base height using two different sensors) turbulence retrieval is possible, and
examples were presented here.

Furthermore, ε retrievals from spectrum width values are in good agreement with those derived using the meth-
odology based on Doppler velocity time series when no precipitating particles are present in the radar volume.
Therefore, when all the assumptions for the different methodologies are fulfilled (i.e., when the contributions
from Doppler velocity shear and turbulence are the main factors affecting the width of the spectrum and when
the inertial subrange is correctly determined) all estimates converge to the same eddy dissipation rate value.

An important implication of the conditional agreement of the two techniques at the cloud base height is that
we can attempt a decomposition of the turbulent and microphysical contributions to the observed radar
Doppler spectrumwidth (Figures 11 and 15). This makes it possible to generate fields of the influence of drop
size distribution on the width of the radar Doppler spectrum. This derived σd term can be used to constrain
retrievals of drizzle properties and hopefully provides a means of comparison for the model community to
validate their microphysics parameterizations.

For both cases analyzed here it was shown that turbulence is the most important effect impacting the width
of the spectrum when the cloud is likely to be in its development stage. Once precipitating particles are
detected below cloud base, the spread of the drop size distribution becomes the most influential factor
determining the width of the observed Doppler spectrum with turbulence decreasing its importance consid-
erably. The shear of the Doppler velocity and the magnitude of the horizontal wind have a minimal influence
on spectrumwidth. Overall, the horizontal wind is not likely to impact the width of the spectrum and its effect
can be neglected without introducing a larger bias into the results. Therefore, it was shown that for the small
radar volumes observed by a cloud radar (0.2°–0.3° radar beam width) microphysics and turbulence are likely
to be the dominant factors affecting the width of the observed Doppler spectrum.

This manuscript also presented an analysis of the possible bias introduced by low signal-to-noise ratio (SNR)
into the spectrum width values. It was shown that data with low SNR result in an underestimation of the
width of the Doppler spectrum. For narrow spectra this effect is not very important but it does have a
considerable effect for spectrum width values larger than 0.5m s�1. Therefore, it is recommended to favor
data with high signal-to-noise ratio to avoid a systematic bias toward low values of spectrum width that
would lead to a negative bias in the estimate eddy dissipation rates.
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